The evolution of the group II intron in the plastid gene encoding tRNA Vi' (trn V) from seven plant taxa was studied by aligning secondary and other structural features. Levels of evolutionary divergence between six angiosperms and a liverwort, Murchantia polymorpha, were compared for the six domains commonly demonstrated for group II introns and were shown to be statistically heterogeneous. Evolutionary rates varied substantially among various domains and other features. Domain II showed the highest evolutionary rate, approaching the synonymous substitution rate reported for cpDNA-encoded genes, while domain VI and the helix and loop region bearing EBSl evolved at rates similar to those for nonsynonymous substitutions of a number of cpDNA-encoded genes. The minimum free-energy structure of domain I varied among the seven taxa, suggesting that possible protein-RNA or tertiary interactions are important for intron processing.
Introduction
The introns of plastid DNA (cpDNA) and of organellar genomes in general differ from most nuclear introns in several ways. First, considerable secondary structure is observed for most organellar introns (Davies et al. 1982; Michel et al. 1982 Michel et al. , 1989 Waring and Davies 1984; Jacquier and Michel 1987) . Second, among species there is strong and extensive sequence conservation throughout introns from homologous genes. Third, they are potentially self-splicing (Zaug and Cech 1980; van der Veen et al. 1986 ). The capability of group II introns from fungal mitochondria to excise themselves in vitro is of interest because it allows molecular biological analysis of the function and importance of various sequence regions. Fourth, most cpDNA introns fall within a narrow size range, compared with nuclear mRNA introns. Organellar introns are usually classified into three groups: I, II, and III (Michel and Dujon 1983; Christopher and Hallick 1989) . There is considerable evolutionary conservation of secondary structure within groups I and II (Michel and Dujon 1983; Jacquier and Michel 1987) . The third class of introns has been found exclusively in euglenoid plastids; group III introns show some affinity to group II introns, and some share a degree of secondary-structure similarity with group II introns (Christopher and Hallick 1989; Copertino et al. 199 1) . The majority of introns in the plastids of land plants are in group II (Michel et al. 1989) ; all but one of the 17-20 introns in various plastid tRNA and protein-coding genes are recognized as group II (Clegg et al. 199 1) and show common structural features important for intron processing ( Michel et al. 1989) . On the basis of the biochemistry of their splicing, group II introns may be evolutionarily related to typical eukaryotic pre-mRNA introns (Cech 1986) ) and it has been recently suggested that the snRNA moieties of the spliceosome may have been derived from group II intron domains (Sharp 199 1) .
The plastid gene encoding tRNA vi" ( tm V) was first sequenced from the cpDNA of Nicotiuna tubacum (tobacco) by Deno et al. ( 1982) and was proved to contain a group II intron (Keller and Michel 1985) . Clegg et al. ( 1986) compared the introns of trn V from four angiosperm taxa [ Nicotiana, Zeu mays (maize) , Hordeum vulgure (barley), and Pisum sutivum (garden pea)] and identified 12 sequence blocks that differed in levels of substitutions. It is of interest that the 5' portion of the intron varied substantially in its acceptance of substitutions: 11 of the 12 blocks were relatively short and varied considerably among themselves. The 3' portion of the intron (the 12th block) constituted >45% of its length and appeared to be homogeneous in its acceptance of substitutions.
An important goal of molecular evolutionary studies is the study of evolutionary rates and their relationships to various aspects of molecular function. The functions of molecules can clearly influence evolutionary rates, and these can vary within and among genes. Here we present an evolutionary analysis of the group II intron from the tm V gene for three taxa-Cenchrus setigerus (sandbur), Pennisetum glaucum (pearl millet), and Pisum sativum-in addition to four taxa previously reported in the literature [ Nicotiana tabacum (Deno et al. 1982) ) Zeu mays (Krebbers et al. 1984) , Hordeum vulgare (Zurawski and Clegg 1984) , and Marchantia polymorpha (liverwort, a bryophyte) ]. [These four sequences have been recently included in an analysis of general group II intron secondary structure (Michel et al. 1989) ]. We estimate the evolutionary rates for various structural features by examining the sequence evolution of this intron in seven plant taxa. To ensure that we examined homologous regions among these sequences, we used a combined approach involving analyses of both sequence alignment and RNA folding, to infer consensus secondary structures (see Waterman 1989) . Sequences forming identical secondary-structural features are examined in the resulting alignment. Our initial approaches to modeling secondary structure involved the use of thermodynamic methods for determining possible structures (Zuker and Stiegler 198 1) ) rather than a comparative approach based on the identification of conserved regions (e.g., see Michel et al. 1989 ). Our rationale is that a thermodynamic method is more independent of sequence constraints and avoids the circularity of identifying sequence segments on the basis of conservation and then showing that they differ in degree of conservation and have different rates of evolution.
Because discussions later in this paper allude to various structural features, we briefly review the group II intron sites that appear to be involved in either excision or exon ligation (for more complete reviews, see Michel et al. 1989; Jacquier 1990) . Most of these sites may be assigned to particular motifs in their secondary structure:
( 1) exon-binding site 1 (EBS 1)) six nucleotides of a terminal loop in domain I, base pairs with the last five to seven nucleotides of the 5' exon (intron binding site 1; Jacquier and Michel 1987); (2) exon-binding site 2 (EBS2), four to seven nucleotides in a different terminal loop or a bulge-loop in domain I, putatively pairs with five to six nucleotides immediately 5' of intron binding site 1 in the 5' exon ; (3) y, a single nucleotide between domains II and III, is complementary in all cases to y', the last nucleotide of the intron ; (4) lariat branch nucleotide, an unpaired adenosine residue in the helix of domain VI, is suggested to act as the lariat acceptor nucleotide (van der Veen et al. 1986 ) ; (5 ) domain V is required, at least in part, for trans-splicing (Jarrell et al. 1988) ; (6) the three-dimensional structure of domain VI (and possibly of domain V, as well) is necessary for proper alignment of the 5' exon-intron complex with the 3' exon and for proper 3' splice-site selection and ligation (Schmelzer and Mtiller 1987) ; and (7) portions of domain I, in addition to EBSl and EBS2, are involved in intron excision (Altura et al. 1989) . In addition to these regions, a variety of structures are seen to be conserved in group II introns. This conservation may be due to a requirement for these structures per se. On the other hand, structural constraints may merely require that the intron form a proper shape and that the intron-exon junctions be brought into proximity; for example, it has recently been demonstrated that most of domain II of a fungal mitochondrial intron is not required for self-splicing activity and may be replaced with a small artificial stem-loop structure (Kwakman et al. 1989) .
In our analysis of the trnV intron, we will specifically address three questions: ( 1) Do portions of this intron vary in evolutionary rate? (2) Does the 3' portion of the intron evolve at a homogeneous rate, as suggested by Clegg et al. ( 1986) ? (3) If portions of this intron vary in their rates of evolution, can this be attributed to various structural and perhaps functional features of the intron?
Methods
The sequences of trn V( UAC) for four taxa have been previously published and are available on the GenBank data base (release 61.0; Bilofsky and Burks 1988): Hordeum vulgare (Zurawski and Clegg 1984) , accession number X00408; Nicotiana tabacum cv. Bright Yellow 4 (Deno et al. 1982) , accession number 200044; Marchantia polymorpha ) accession number X04465; and Zea mays (Krebbers et al. 1984) accession number X04183. The sequences for Cenchrus setigerus, Pennisetum glaucum, and Pisum sativum were obtained by dideoxychain termination sequencing (Sanger et al. 1977 ) .
Sequence analysis was done using the University of Wisconsin Genetics Computer Group sequence analysis software package, versions 5.3 and 6.0 (Devereux et al. 1984) on a VAX 8700 computer. The sequences were aligned visually and with the use of the programs GAP and BESTFIT, which use the methods of Needleman and Wunsch ( 1970) and Smith and Waterman ( 198 1)) respectively. Secondary-structure analysis was done using STEMLOOP and FOLD. STEMLOOP finds inverted repeats in the sequence, while predictions of secondary structure were obtained using FOLD (Zuker and Stiegler 198 1) with improved free-energy parameters of Turner (Freier et al. 1986 ). Measurements of identity or similarity for helix and terminal loop structures are for the minimal extent of these structures among sequences for all seven taxa.
Results

Sequence Alignment of the trn Y Intron
Intron regions that may form helices in a consensus secondary structure are shown in figure 1. This alignment was, for the most part, determined without consideration of the secondary structure. In several instances the alignment most concordant with inferred secondary structures is presented when gaps might have been inserted, with equal likelihood, at more than one site.
Two features of the alignment are particularly noteworthy. First, extensive similarity is seen throughout the intron (table 1) . In the introns, 626 nucleotides are identical between at least two taxa studied here; 378 (60.4%) of these were identical for all species in which they were present. Second, much of the sequence forms base pairs in helical regions of consensus secondary structure ( fig. 1, underlined sequences) . This was not unexpected, in view of the sequence conservation and the similarity of secondary structures for group II introns from a variety of organisms (Keller and Michel 1985; Massenet et al. 1987; Michel and Jacquier 1987; Neuhaus and Link 1987; Choquet et al. 1988; Ohto et al. 1988; Kohchi et al. 1988; Michel et al. 1989; Neuhaus et al. 1989 ).
The Determination of Secondary Structure Figure 2 shows clearly different minimum-free-energy (MFE) structures for Marchantia polymorpha and Hordeum vulgare: Marchantia shows a six-domain structure consistently seen in group II introns (Michel et al. 1982 (Michel et al. , 1989 Michel and Jacquier 1987) , while the MFE configuration for Hordeum does not. To obtain a consensus structure the sequences were partitioned immediately 5' of domain II (between nucleotides 5 11 and 5 13 in fig. 1 ). This location was determined using STEMLOOP and similarities of the trn V( UAC) group II introns reported by Michel and Jacquier ( 1987 ) . Although our efforts failed to establish a complete consensus structure for the intron, a consensus secondary structure for the 3' portion was readily obtained when it was partitioned into these two regions. fig. 1) are not shown.
Domain I constitutes -65% of the total length of the intron and contains a number of features that are important and maintained over evolutionary time. Two of these-( 1) the proximal helix of domain I (Michel et al. 1982) ) EBS2 ) and (2) helix 1. D3 and its included hairpin loop EBS 1 Michel and Jacquier 1987) Conserved domains (see fig. 1 ) are not shown.
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(an intervening helix)-have been presented in the models of Michel and his coworkers (Michel et al. 1982 (Michel et al. , 1989 Michel and Jacquier 1987) and are inferred for the tm I'intron. These features were used as starting points in a search for a consensus structure for domain I. In addition to searches for MFE structures by using these features as constraints, we performed a STEMLOOP analysis as well as a visual inspection of dot plots of the intron sequences versus their reverse complements.
The MFE structure for the 3' portion of the intron (domains II-VI; fig. 1 ) produced the consensus structure in four of the species studied. The MFE structures for the others showed similarities to these consensus five-domain structures. Figure 3 shows MFE structures for Cenchrus and Pisum; the MFE structures for Hordeum (data not shown) also produced five terminal stem-loops. To obtain the consensus structure, two additional constraints each were required for these three sequences (details available on request ) .
Evolutionary Comparisons of Group II Secondary Structure
To determine whether various structural features of the plastid trn V intron show different rates of evolution, we attempted to superimpose a consensus secondary structure over the alignment shown in figure 1. No single conserved MFE structure was obtained using the FOLD program (Zuker and Stiegler 198 1)) but it was apparent that structures similar to domains II-VI ) could be obtained. Figure 4 shows the inferred secondary structures for H. vulgar-e and Pennisetum glaucum. Structures similar to these were obtained for all seven taxa considered here. While all show the six-domain structure reported for group II introns, regions of the intron in domain I failed to yield a consensus secondary structure. Nonetheless, we were able to identify several important structural features. These are analyzed for variation in sequence evolution.
Evolutionary distances and inferred substitution rates based on the three-substitution-type formulation of Kimura ( 198 1) are presented for various structures, in table 2. We show the rates for only the comparisons between Marchantia and the angiosperms, since they share the same time of divergence from the bryophyte. The evolutionary rates were calculated using the divergence time of 400 Mya, suggested by Wolfe et al. ( 19896) . We tested whether the sequences for the six domains differ in evolutionary distance. Since the times of divergence between the bryophyte and each of the angiosperms are the same, the rates differ from the distances only by a scalar factor; therefore, an analysis of the evolutionary distances is equivalent to a comparison of rates. The mean distances for the six angiosperms were calculated for each domain. Evolutionary distances were lowest for the stem-loop region I + D3 and domain V, with weighted means of 15 and 16 substitutions/ 100 sites, respectively, and were highest for domain II, with a weighted mean of 106. These six domains are seen to differ significantly in their evolutionary rates, both when a heterogeneity x2 analysis (x2 = 137.30) is used and when a Kruskal-Wallis nonparametric test (Hadj = 32.43) is used (Sokal and Rohlf 1969, pp. 580 and 388, respectively) . Table 3 lists the mutational acceptance ( Uk) for the aligned structural features of the trn I'intron in these taxa. This measure, the proportion of the positions at which substitutions were observed, was used in an earlier analysis of the tm V intron (Clegg et al. 1986 ). Several aspects of this table are worth pointing out. ( 1) Clegg et al. ( 1986) found a large block to be uniform in its Uk value in a comparison among four of the taxa studied here: H. vulgare, Zea mays, Nicotiana tabacum, and Pisum sativum. This block contains domains II-VI, which do appear to differ markedly in their levels of substitution, with domain II having the greatest LJk in this region (0.53 and 0.80 b   FIG. 4. -Representations of the secondary structure for the entire chloroplast trn V introns used in the evolutionary analysis of two of the seven taxa studied here: Hordeum vulgare (a) and Pennisetum glaucum (b). Domains (see fig. 1 ) are labeled using roman numerals I-VI. Exon binding sites 1 (*) and 2 (* *) are bracketed. (8) 23 (9) 23 (9) 23 (10) 27 (8) 22 (4) I.Dl-I-D3
Evolutionary Constraints on Group II Introns 865
(66 sites) 40 (11) 40 (11) 40 (11) 40 (11) 28 (8) 24 (7) 1. D3 (29 sites) 16 (9) 16 (9) 16 (9) 16 (9) 12 (7) 12 (7) Full length (474 sites) 51 (5) 52 (5) 49 (5) 49 (5) 41 (4) 40 (4) Domain II (29 sites) 134 (121) 112 (49) 144 (122) 144 (122) 101 (39) 33 (12) 28 (10) 28 (10) 28 (10) 35 (13) 48 (17) Domain IV (20 sites) 58 (24) 58 (24) 69 (28) 69 (28) 73 (34) 76 (39) Domain V (38 sites)
10 (6) 10 (6) 13 (6) 13 (6) 10 (6) 20 (8) Domain VI (47 sites) 38 (12) 32 (10) 32 (10) 32 (10) 33 (11) for the helix and hairpin loop, respectively) and with domain V having the lowest (0.15 and 0). (2) The hairpin loops of helix I -D3 (EBS 1) and of domain V have allowed no substitutions in these taxa, although indel variation is seen in the loop of domain V. In the case of EBSl, one of the EBSs , this is not surprising: the constraints on intron binding site 1, a portion of the anticodon loop of the tRNA, should dictate a high level of constraint on EBSl to which it base pairs. The absence of substitutions in the loop of domain V was not expected and suggests that these bases play a functional role. (3) The helices of the domain I proximal region, of I -D3, and of domain V show lower levels of substitution than is seen for most of the other helices. This may reflect the importance of particular nucleotides at positions in these structures or may be due to constraints on the shape of the molecule itself. (4) There appears to be a higher level of conservation for many of the helical regions than for the loops; this may not reflect a higher level of functional constraint at the ribonucleotide level per se in every case but, instead, may be due to a high requirement for the secondary structure itself. 
Discussion
A number of structural features of the plastid trnV intron can be inferred with some degree of reliability. Domains II-VI were determined in all seven taxa examined; for four taxa, these structures were MFE configurations. For the others--Hordeurn vulgare, Cenchrus setigerus, and Pisum sativum-the MFE structure showed marked similarities to a consensus structure. Consensus structures could be obtained for Hordeum, Cenchrus, and Pisum, with free-energy increases of 5.5, 1 .O, and 7.5 kCal/mol, respectively. The consensus structure for domains II-VI was very similar to those of previously published inferred secondary structures for group II introns from organelles of a variety of organisms ( The evolutionary distances for several structural features of this intron may be compared with previously reported levels of divergence among a number of cpDNA sequences (Wolfe et al, 1987 (Wolfe et al, , 1989a (Wolfe et al, , 1989b , to gain some idea of the strength of the evolutionary constraints operating in this intron. Of all the regions, domain II is evolving at the highest rate; between the angiosperms and the bryophyte Murchantiu, the average (weighted mean) evolutionary divergence seen for this domain is 1.16 (kO.83 weighted mean standard deviation) substitutions/ site, which exceeds the 1.12 substitutions for synonymous sites in plastid genes encoding proteins for the same divergence time (Wolfe et al. 1987) . Other domains show a range of divergences which may be compared with the nonsynonymous rates for various plastid genes. Various regions of domain I evolve at different rates, with the proximal helix and subdomain I -D3 showing the greatest conservation. These divergences, 0.061 1-0.043 and 0.036 + 0.036, respectively, are lower than the nonsynonymous substitutions per site for some protein-coding cpDNA genes (atpA, atpE, rps3, rps4, and rpl16), when monocots are compared with tobacco (Wolfe et al. 1989a) . For domain IV, the average between the monocots and tobacco (0.118 f 0.086 substitutions/site) is less than the divergence reported for atpE and rps3, while the corresponding divergence value for domain V (0.024 f 0.022 substitutions/site) is less than that for several cpDNA genes [atpA, rpl16, rpsl, atpB, rbcL, and 23Srrn (Wolfe et al. 1989a) ]. Divergence levels may also be compared, between the angiosperms and Murchantia, for domains V and VI; for domain V, the average between the angiosperms and Marchantia is 0.159 _+ 0.063 substitutions/ site, less than the nonsynonymous divergences of rps3, rps4, and atpE, while the average for domain VI (0.329 + 0.105 substitutions/site) approaches that of atpE (Wolfe et al. 1989~) .
The failure to demonstrate a consensus structure for domain I is somewhat surprising, in view of the ease with which such a structure can be determined for domains II-VI. Perhaps domain I is evolving at a slightly higher rate than the remainder of the intron. This may be seen in the greater evolutionary distance that domain I shows in comparisons between several taxa (but not among the monocots) (table 1 B, above the diagonal), compared with the other domains taken together (table lB, below the diagonal ), The number of indels observed in domain I (27) appears to be greater than expected, compared with the number of indels observed in the rest of the intron (9). Because domain I occupies >65% of the intron, the expected values are 24 and 12, respectively, so that the frequencies of observed indels are not significantly different from the expected frequencies. Of course, the higher levels of substitutions do not imply a complete relaxation of functional constraints on domain I, which clearly contains important structural features. The level of constraint, as measured by the level of acceptance of substitutions (table 3 ) , is among the highest on helix I -D3 and its hairpin loop (EBS 1). In the analysis by Clegg et al. ( 1986 ) , which did not examine the sequences in a structural context, this stem and loop was also detected as a region showing a very low Uk value. The experimental demonstrations of the function and importance of EBS 1 are compelling Michel and Jacquier 1987 ) . In addition, the proximal helix of domain I shows little substitution acceptance (table 3) . Recent experimental evidence resulting from in vitro trans-splicing of a yeast mitochondrial intron substantiates the importance of portions of the proximal helix in lariat branch formation (Altura et al. 1989) .
Protein-RNA interactions required for intron processing may cause a less thermodynamically favored configuration for domain I to be the biologically active form. These interactions may cause the failure to demonstrate, on the basis of thermodynamic considerations, a consensus structure for domain I. In vitro self-splicing of plastid group II introns has not been reported (Gruissem 1989) , possibly reflecting the requirement of a protein cofactor (e.g., a maturase). The difficulty in determining a single, universal secondary structure for domain I, both in the present study and in other investigations (Choquet et al. 1988; Kohchi et al. 1988; Ohto et al. 1988) , may be due to domain I *protein interactions. Furthermore, the secondary structure of domain I may form as the molecule is transcribed; structures that would be thermodynamically favored by local intramolecular bonding but that would be disfavored as a longer molecule is transcribed would melt out or be rare configurations unless proteins or tertiary interactions stabilized them. Table 4 shows the free-energy values of the complete structures examined, as well as the corresponding MFE values for these sequences. None of the values for the consensus structures are within 10% of the minimal values. Zuker ( 19893) shows that the free-energy difference is related to the relative frequencies of a given folding compared with the MFE folding. These values range from lo-l6 for Nicotiuna to nearly 1O-23 for Hordeum and Pisum; clearly these configurations would be extremely rare if RNA base pairing was the only mechanism determining their structure. The presence of a putative maturase binding to domain I-the region leading to most of the free-energy difference-or possible tertiary interactions among nucleotides would stabilize these structures.
On the other hand, the difficulty in determining a consensus for domain I may reflect limitations in the thermodynamic methods for modeling RNA secondary structure (Gouy 1987, p. 283; Jaeger et al. 1989) . For example, such a consensus structure for domain I may, in fact, exist but be a near-MFE configuration; if suboptimal secondary structures are examined (e.g., see Jaeger et al. 1989; Zuker 1989a) , perhaps improved thermodynamic predictions of secondary structure in domain I may not require inferences of evolutionarily conserved features. This paper presents the first comparative study of group II intron structures among homologues from a large number of taxa. We demonstrate that a number of structural features may be aligned. These regions vary considerably in evolutionary rate, which ranges over an order of magnitude. Contrary to the implications of a previous study (Clegg et al. 1986) ) the 3' portion of the intron is not homogeneous for evolutionary rate. The variations in rate, for various domains and other structural features, do appear to reflect constraints imposed by the roles that these regions appear to play in intron processing. The fact that these regions were uncovered in earlier studies reflects the utility of an evolutionary-filter approach in studying structure-function relationships Evolutionary Constraints on Group II Introns 869 in molecular biology (Zurawski and Clegg 1987) . Finally, group II introns show considerable promise in molecular evolutionary studies; that is, these introns, which are scattered throughout the cpDNA of land plants, may be used as gauges of evolutionaryrate differences in various portions of the plastid genome (Clegg et al. 199 1) .
Sequence Availability
Previously unpublished sequences have been deposited in GenBank under the following accession numbers: M8 1923, Cenchrus setigerus; M8 1924, Pisum sativum; and M8 1925, Pennisetum glaucum.
